T he accurate characterization of infectious disease agents is essential to epidemiological surveillance and public health decisions. This includes outbreak recognition, the detection of cross-transmission of pathogens, the determination of the source of infection, recognition of particularly virulent strains, and monitoring of vaccination programs. Although phenotypic characters such as morphology and physiological properties have traditionally been used to characterize microbes, nucleic acid analysis technologies paved the way for modern typing approaches. Phenotypic markers are subject to genetic regulation and respond to environmental stimuli like culture, subculture, and storage conditions, whereas suitable nucleic acid-based characterization methods deliver a stable fingerprint of the sample important for global comparability and phylogenetic analysis.
Recently, microbial DNA-based identification and typing have significantly increased. Applications are often high-throughput in nature, and appropriate typing methods require accuracy, reproducibility, and laboratory automation (1) .
The current most common nucleic acid-based tools are based on gel electrophoresis or fingerprinting and rely on electrophoretic mobility. Pulse-field gel electrophoresis is the most widely used method. Standardized protocols and reference databases have been established worldwide, but, as for classic fingerprinting, technical problems such as ambiguous bands, background noise of the electrophoretic profile, and distortion between gels remain. Digital formats of the results and data portability are challenging. Processing times of up to 3 days reduce the ability to analyze large numbers of samples (2) .
New technologies for whole-genome comparative sequencing like whole-genome DNA microarrays are still prohibitively expensive and lack ease of use. Future utility requires the reduction of costs per reaction, robust and simplified formats focused on established regions of genetic variance, and an adequate evaluation in comparison with other molecular methods. Ambiguities in the interpretation of the ratios of hybridization and cross-hybridization to paralogous genes are important limitations of the technique. In addition, PCR product microarrays generally do not have the resolution to detect minor deletions and point mutations (3) . Nucleotide composition analysis of short PCR products by electrospray MS has been described, where the detected mass of the product is used to determine a constrained list of nucleotide compositions for identification (4) . Sequence variations can be detected but not localized or converted to a new sequence. Therefore, typing methods based on PCR-amplified DNA marker regions (e.g., 500-800 bp in length) and nucleotide sequence analysis like dideoxy sequencing or comparative sequence analysis by MALDI-TOF MS are important alternatives. Probing large collections of microbial isolates using a partial genetic signature provides the framework for these sequence-based typing approaches (5) . PCR techniques make the analysis of molecular marker regions easily achievable even for trace amounts of material, uncultured species, or clinical samples. The resulting DNA sequences allow for the construction of electronically accessible genetic databases suitable for prospective epidemiologic surveillance efforts and data transfer between centers (6).
Multilocus sequence typing (MLST) was introduced in 1998 as a comparative sequence-based typing approach to assess the population structure of bacterial isolates. MLST elucidates genomic relatedness at the inter-and intraspecies level using PCR and dideoxy sequencing of a restricted number of housekeeping genes. The use of multiple loci is essential to achieve the resolution required to provide meaningful relationships among strains (7) (8) (9) . Data can easily be compared with those in a large central database via the Internet. The continuously expanding MLST database currently covers 18 species.
MLST by MALDI-TOF MS is an alternative automated comparative sequencing method. PCR-amplified signature sequences are subject to in vitro transcription and base-specific RNA cleavage (10) . Mass signal patterns of the resulting cleavage products, a mixture of RNA fragments, so-called compomers, are acquired and provide a fingerprint of the sample. Each RNA compomer is defined by its nucleotide composition with the cleavage base terminating its 3Ј end and thus by its mass in the resulting mass spectrum. The list of detected experimental compomer masses is compared with a calculated list of molecular weights derived from an in silico digest of a set of reference sequences in the system database. These simulated patterns of the reference set are used to identify the sample by its best matching reference sequence. Microheterogeneities between the best matching reference and the sample sequence, such as single base deviations, show up as a deviation between the in silico and the detected sample spectrum. They can be used to identify and localize sequence differences down to single base pair change (11) and identify novel sequences.
MALDI-TOF MS sequence-based typing for high-level discrimination of individual microbial taxa based on signatures within variable regions in the 16S rDNA gene region has previously been applied to discriminate mycobacteria and Bordetella species (12, 13) .
In contrast to 16S rDNA-based typing, MLST is based on characterizing variations in the sequence of several loci, which are accumulating slowly within a microbial population. MLST thus requires differentiation of reference sequences based on single nucleotide deviations, which provides a new challenge for the comparative sequencing approach by MALDI-TOF MS. Here we demonstrate the power of MALDI-TOF MS-based MLST to identify lineages of the bacterial pathogen Neisseria meningitidis.
Results
N. meningitidis often causes severe meningococcal meningitidis and septicemia, most frequently in young children. Epidemic outbreaks of varying scale, up to global pandemics, require intricate genetic typing to identify case clusters. MLST is the most powerful and, simultaneously, the most portable approach to keep track of the epidemic spread and has identified clones with apparent increased virulence (14, 15) . It can now be considered the gold standard for genotyping N. meningitidis.
MLST of N. meningitidis summarizes the nature of sequence variations detected in 450-to 500-bp sequences of internal regions of seven housekeeping genes (abcZ, adk, aroE, fumC, gdh, pdhC, and pgm). Different sequences present within the species are assigned as distinct alleles. For each sample, alleles at each of the seven loci are identified and define its allelic profile or sequence type (ST). Major clonal complexes group STs differing in only one or two alleles (16, 17) .
MLST by Base-Specific Cleavage and MALDI-TOF MS. To evaluate automated microbial typing by MALDI-TOF MS, MLST of N. meningitidis was performed as a blind study of 100 isolates in reference to the http://pubmlst.org/neisseria database. The database contains a collection of isolates that represent the total known diversity of N. meningitidis species, currently Ϸ5,300 different STs, with ongoing compilation.
Between 209 and 344 published alleles per locus served as reference sequence sets for MALDI-TOF MS-based typing. The concept of reference sequence-based peak pattern analysis is, however, applicable to nucleic acid-based typing and comparative sequence analysis of haploid organisms in general.
The four steps of automated MALDI-TOF MS-based typing are shown in Fig. 1 . Reference sequence sets, including the genespecific primer sequences, are imported into the system database to generate simulated peak patterns ( Fig. 1, step 1 ). DNA sample processing follows the standard MLST protocol (http://pubmlst.org/ neisseria) using the sequencing primer set to amplify the internal regions of the seven housekeeping genes. Each sequencing primer set is tagged with a T7 promoter sequence and a 10-nt tag resulting in two sets of PCR primers. PCR products of the T7-tagged forward primer and the T7-tagged reverse primer allow for in vitro transcription of the sense and antisense strands. The resulting two RNAs are subject to base-specific cleavage at C and U generating representative compomer mixtures for cleavage reactions equivalent to all four monobase-specific cleavages of a single strand (Fig.  1, step 2) . Step 1, import of reference sequences into the system database; step 2, PCR and post-PCR biochemistry; step 3, MALDI-TOF MS spectrum and peak pattern comparison; step 4, tabulated typing results.
Because this process uses PCR amplification it can theoretically be applied to clinical cases with minimal or no culturing of the infectious agent, which can be important both for rapidly progressing infections and for slow-growing or difficult to culture organisms such as mycobacteria.
For DNA samples the sensitivity can be as high as one genome equivalent present in the reaction vial (18) . As proven in limited dilution experiments (data not shown) the amplification provided by PCR and transcription is sufficient to produce a measurable product.
Before MALDI-TOF MS measurements, samples are desalted by anion exchange resin treatment and dispensed on a matrixcoated chip (Fig. 1, step 3) . Typing results and sequence deviations are automatically assigned by the Signature Sequence Identification software tool (SEQUENOM) (Fig. 1, step 4) .
Of the 100 N. meningitidis isolates analyzed by base-specific cleavage and MALDI-TOF MS, 89 samples were automatically assigned to alleles and resulted in STs existing in the database. Three samples resulted in STs with new sequences for one of the alleles; an additional two STs were defined by known alleles but not listed in the database, and four samples revealed untypeable mixed populations. Alleles, STs, and clonal complexes of all samples are listed in supporting information (SI) The concordance between MALDI-TOF MS and dideoxy sequencing-based MLST of the 96 ϫ 7 ϭ 672 typeable alleles was 98.9%, representing 665 identically identified alleles. Detailed analysis of the differences revealed that the gdh alleles of four samples were misidentified by the analysis software because of the failure of two transcription and cleavage reactions but were flagged for manual analysis and recovered by manual assignments of the best matching reference allele (user calls). Three new alleles, including an abcZ, an aroE, and a pdhC allele, in three different samples were identified by MALDI-TOF MS and confirmed by dideoxy sequencing. The sequences showed 99.4%, 99.8%, and 99.6% identity with their corresponding best matching database references abcZ285, aroE9, and pdhC207 corresponding to deviations of 3, 2, and 1 bp.
MLST MALDI-TOF MS data acquisition of the whole set of 100 samples was accomplished in a total of 4 h. Operator variables are mostly removed by liquid handling and automated data acquisition. Samples and loci can be processed in sets of 96 within 7 h or staggered to increase the throughput and provide sufficient speed to track an ongoing epidemic. The data acquisition and analysis of a complete set of seven loci per sample can be obtained on 28 matrix patches of a 384 chip in 2.5 min. One 384 chip allows for the analysis of the seven loci in 12 samples and a negative control. Considering the analysis of four cleavage reactions per locus and an average amplicon length of 500-800 bp, a single mass spectrometer with a data acquisition speed of 4.5 sec per reaction can scan Ϸ2 million bp per day, which compares favorably with standard dideoxy sequencing equipment (19) .
Signature Sequence Identification Software Tool. Data processing was performed with the Signature Sequence Identification software (SEQUENOM) specifically developed to analyze base-specific cleavage patterns in comparison to a given set of reference sequences. In brief, the simulation module of the software performs in silico cleavage reactions for the imported set of reference sequences. The resulting simulated cleavage patterns are clustered based on their distinctive peak pattern in a way that resulting clusters can be uniquely identified and distinguished from one another. For N. meningitidis all sequences within the seven reference sequence sets were differentiable in this simulation. This demonstrates a comparable discriminatory power of MLST by MALDI-TOF MS with the dideoxy sequencing gold standard.
Spectra for four cleavage reactions per sample were acquired and mass recalibrated against a set of unique calibration peaks derived from the reference sequence set. In theory, samples can be identified by simply finding the best match of the detected peak pattern with the simulated pattern of a reference sequence set. However, because of various factors, such as intensity variations in the sample spectra, peak pattern matching requires additional scoring, particularly for large and often closely related reference sequence sets such as the one used in this study. Judgment of the peak pattern match is therefore a dynamic combination of three scores, the basic pattern matching score, a discriminating peak matching score, and a distance score. The discriminating peak matching score is calculated by evaluating only a subset of simulation-derived unique reference-specific identifier signals, whereas the distance score is determined based on Euclidian distances. To increase the robustness, identification is performed by iteration. Initially, scores are calculated for all reference sequences, and a set of best matching reference sequences is selected. Detected peak patterns are reevaluated against this subset, and scores are recalculated to reevaluate the subset and to find an even smaller set of best matching sequences. This process continues until one sequence or several sequences with close scores that are considerably better then the rest are found for each of the samples. Finally, the top matching reference sequence is evaluated for potential mutations, and a confidence is assigned based on spectra quality and missing and additional signals, as well as unknown signals, which are inconsistent with any compomer or adduct assignment.
The typing statistics of the analysis software on the 96 typeable N. meningitidis samples are summarized in Fig. 2 . For 97.6% of a total of 672 alleles the software automatically identified the correct top matching reference sequence in agreement with dideoxy sequencing. Among these, 0.4% were identified as new sequences extending the existing reference set. For 1.8% of the alleles the correct matching reference was listed among a group of homologous top matching references and typing required manual selection of the best match. This was mainly because of the failure of one of the four cleavage reactions. Only 0.6% of the alleles, four gdh alleles of a total of 672 alleles, were assigned to the wrong sequence but were correctly identified by user calls as described above.
Single Base Pair Mutation Detection. New alleles were identified by a combination of the identification algorithm with a MALDI-TOF MS-specific SNP Discovery algorithm (11) . Fig. 3 shows the detection of a novel aroE9 modification with a C3T single base deviation at position 443. Band patterns derived from the reference sequence illustrate the difference between the in silico pattern of aroE9 and the detected sample pattern. The T-specific reaction of the forward RNA transcript (Fig. 3A) shows a missing signal at 8,957.9 Da in comparison to the reference pattern. The signal represents a cleavage product that is localized at position 439 of the amplicon with a composition A 8 C 10 G 9 U 1 .
A new signal appears at 7,343.5 Da with a composition of A 8 C 8 G 6 U 1 . The deviation between the missing and the additional compomer can be explained by a substitution of a C with a T at position 443 and the introduction of a cleavage base at this position, which leads to the detected compomer at 7,343.5 Da and a compomer C 1 G 3 U 1 at 1,650.0 Da (data not shown). The later is a silent noninformative signal because it is identical to two compomers of the same nucleotide composition derived from sequence stretches somewhere else in the reference. The T-cleavage reaction of the reverse RNA transcript confirms the observation (Fig. 3B) . The corresponding compomer A 1 C 5 G 3 U 1 at 3,136.0 Da is missing, while an additional signal at 3,120.0 Da with the composition A 2 C 5 G 2 U 1 reflects the observed C to T change by the complementary event G to A. Additional confirmation is gained in the C-specific cleavage reaction of the forward RNA transcript from an additional signal at 2,010.0 Da of composition C 1 G 4 T 1 . The signal is the result of the loss of the C-cleavage site in compomer C 1 G 3 at position 432 due to the C to T change. The corresponding missing signals of the two combined fragments are silent and below the mass range of detection. The C-specific cleavage reaction of the reverse RNA transcript does not add any additional information because the corresponding mass of the affected compomer GC is Յ1,000 Da and thus out of the mass range of detection. These low mass range signals provide no information content. They are the result of nucleic acid monomers, dimers, and trimers overlaid by matrix contamination and are therefore discarded. In conclusion, the C3T mismatch between the best matching reference sequence aroE9 and the sequence of the sample was robustly and redundantly detected by MALDI-TOF MS with two missing and three additional signals.
The SNP Discovery algorithm also identified deviations in consensus sequence stretches, substituting missing sequence information between the MLST sequencing primer and the available reference sequences. Unlike standard dideoxy-sequencing based MLST, where the first 5-10 bp after the primer region are not resolved and the sequence reads require trimming before database query, base-specific cleavage and MALDI-TOF MS MLST analyzes the full-length transcript starting at the ggg-transcription start of the T7-polymerase. SNP Discovery results were confirmed by dideoxy sequencing and are available in SI Table 2 . Identified sequence deviations showed 100% homology within the alleles and maintained discrimination between alleles.
Simulation. A computational simulation systematically introduced all possible single-nucleotide mutations into each sequence of the MLST reference sequence sets and assessed the ability to detect these variations using four base-specific cleavage reactions and the SNP Discovery algorithm. Mass signals in a range of 1,100-8,000 Da were considered, and a mass resolution (m/⌬m) of 600 was assumed (values routinely achieved by MALDI-TOF MS). The results summarized in SI Table 3 demonstrate that for the seven reference sequence sets of this study 99.0% of all possible singlenucleotide changes are detectable by base-specific cleavage and MALDI-TOF MS. Slightly higher detection rates are obtained for substitutions (99.4%), which are more likely to occur in typing of housekeeping gene regions like MLST, when compared with detection rates for deletions (98.9%) and insertions (98.7%). This can be explained by the fact that substitutions can lead to up to 10 observations (five missing and five additional signals), whereas insertions/deletions can lead to a maximum of nine observations in the sample spectra.
Cluster Analysis. Detected mass signals from the four cleavage reactions can be used to characterize a defined fingerprint of a sample as a matrix of peak positions in combination with the intensities of the signals converted to integers. Relationships between different samples can be analyzed by Euclidean distance and displayed as a dendrogram. A list of spectra that contain similar fingerprints and thus similar peak positions and intensities is described as a cluster that displays similarities among the objects of the set without the need for the assignment of a known reference sequence. Cluster analysis of mass peak patterns allows for the rapid high-throughput analysis of large sample sets, when only limited numbers of reference sequences are available, as needed for the identification of new informative marker sets.
A cluster analysis using the unweighted pair group method on MALDI-TOF MS fingerprints for the four cleavage reactions of 15 fumC alleles from 89 samples is demonstrated in Fig. 4A . This dendrogram demonstrates equal resolution of the sample set in comparison to the dendrogram produced by direct comparison of the primary DNA sequences (Fig. 4B) . A Euclidean distance of 2.8 was found to be the similarity cutoff for samples with 100% sequence identity. All samples grouped within their corresponding alleles. The groupings are maintained in both dendrograms. Spectral patterns and primary sequences of the alleles fell into two major groups of identical clades with alleles fumC 1, 5, 8, 9, 13, 15, 40, 55, and 60 in the first clade and alleles fumC 3, 4, 17, 26, 90, and 124 forming the second clade. A total of 13 partitions (above the similarity cutoff) per tree were obtained. Between the two trees nine of these partitions connected the same groups of samples, whereas four of the partitions were present in one tree but not in the other. We thus observe a similarity difference of eight between the two trees. Differences were found within the first group of clades, whereas there were no differences in the second.
Overall cluster analysis of base-specific cleavage mass signal patterns shows clearly distinguishable clusters reflecting differences between alleles and their grouping by primary sequence analysis.
Reproducibility. A random set of 23 samples representing 12 STs was chosen to assess the reproducibility of MALDI-TOF MS-based typing on two mass spectrometers at the collaborating centers. Samples were processed in four runs on different days according to the standard protocol. Data for three of the four runs were acquired at SEQUENOM, and data for one of the four runs were acquired at the Health Protection Agency. A total of 638 products were successfully amplified, transcribed, and cleaved. Six reactions failed PCR or post-PCR processing with four dropouts on the second day of processing and one dropout on days 3 and 4, leaving 99.1% of the data (638/644) for reproducibility analysis. Of these, 99.1% (632/ 638) were assigned to the correct allele. Six results were ambiguous and showed multiple matching alleles including the correct allele with the option for a correct user call. Among these, one sample was identified as a mixture of two abcZ alleles resulting in the assignment of both alleles for the four repeated data points.
Overall 98.1% (152/155) of the repeated typing events were reproducible. This reflects the stability of the molecular typing approach based on the specificity of the MALDI-TOF MS patterns.
Discussion
Reproducible large-scale monitoring of microbes, especially of human pathogens including virulent, emerging, and antibioticresistant strains, is increasingly important in today's world of global B A Fig. 4 . Cluster analysis for the fumC allele. Shown is an unweighted pair group method analysis tree of base-specific cleavage and MALDI-TOF MS patterns (A) in comparison to an unweighted pair group method analysis tree derived from the primary sequences of the same sample set (B). Samples are labeled by allele and sample number (xy). Alleles are color-coded, and partitions are numbered. Euclidean distance 2.8 is the cutoff for the degree of spectra similarity between identical samples. Clades defined by one tree but not by the other are highlighted by asterisks.
transport and requires technologies that are automated, less laborintensive, and faster than traditional epidemiological typing methods.
The MALDI-TOF MS-based system enables automated reference sequence-based identification and characterization of DNA or RNA sequences and is suited to screen multiple loci in parallel as needed for MLST. The resulting digital data are both highly accurate and portable. Compared with traditional methods for analyzing PCR amplicons, including gel electrophoresis and dideoxy sequencing, MS combines 384-well liquid handling robotics for PCR and post-PCR processing with the mass accuracy and speed of a MALDI-TOF MS analyzer. Automated data analysis avoids time-consuming trace analysis and sequence alignments to deliver the best matching reference sequence and to identify and localize sequence variations. As opposed to dideoxy sequencing, band compression artifacts by repeats of single nucleotides in a sequence do not cause misreading of the sequence.
Validation of the system by processing and analysis of a stable set of MLST markers in 100 isolates of N. meningitidis has shown typeability, reproducibility, and concordance as well as a discriminatory power equal to standard dideoxy sequencing. Results for the full sample set were obtained in only 2 working days, with a data acquisition time of 8 h, a computational analysis time of 5-10 min on a standard desktop computer, and a correct automated identification rate of 98%. This level of speed, automation, and standardized scaleable sample processing will enable efficient outbreak monitoring. The technology is generic and has the ability to type any pathogen or microbe to the genus-, species-, strain-, or subtypespecific level with ease of use and data interpretation, provided that at least one reference sequence or a set of reference sequences are available. This is of importance as microbial genome sequencing projects constantly increase the availability of whole genome sequences for clinically relevant microorganisms and trigger the comparisons of selected signature sequences to develop improved diagnostic typing assays.
Maintaining databases for the molecular characterization of microbes is an ongoing process. New isolates will develop over time, and isolates may be absent or poorly represented in the database. The better the species is represented by the corresponding database, the fewer manual steps are involved in the analysis, which clearly emphasizes the value of the system for automated sample characterization in a diagnostic reference laboratory.
The stability of the reaction plates allows for their storage and shipment to a central MALDI-TOF MS facility. The approach enables the comparison of processed plates and the portability of MALDI-TOF MS data or identified sequences between different reference laboratories without exchanging strains.
Pilot studies to monitor the successful applications in multiple organisms are needed, and a reference sequence-independent approach is envisioned to enable the monitoring of individual and multiple species in a sample by comparison of their characteristic mass spectral fingerprints to archived reference spectra.
Once the procedure is implemented at clinical reference centers, it will provide a tool for automated epidemiological evaluation and disease control.
Materials and Methods
Bacterial Strains. N. meningitidis isolates from various serogroups were supplied by the National Meningitidis Reference Laboratory (Manchester, U.K.) and by the National Collection of Type Cultures (London, U.K.). Refer to SI Materials and Methods for details on DNA isolation.
MLST by Dideoxy Sequencing. The MLST scheme for N. meningitidis uses internal regions of seven housekeeping genes, abcZ (putative ABC transporter), adk (adenylate kinase), aroE (shikimate dehydrogenase), fumC (fumarate hydratase), gdh (glucose-6-phosphate dehydrogenase), pdhC (pyruvate dehydrogenase subunit), and pgm (phosphoglycomutase). Loci were PCR-amplified and sequenced on both strands as described for the standard MLST sequencing protocol (http://pubmlst.org/neisseria/mlst-info/nmeningitidis/ nmeningitidis-info.shtml) using a Beckman Coulter (Fullerton, CA) CEQ automated sequencer according to the manufacturer's protocol.
MLST by MALDI-TOF MS: N. meningitidis Reference Sequence Sets.
Reference sequence sets were used as published (http://pubmlst. org/neisseria) to create import files for MALDI-TOF MS analysis. The sets were modified by the addition of the gene-specific primer regions of the forward primer as well as the reverse primer and a stretch of consensus sequence to fill the gap between the primer sequence and the trimmed published reference.
For aroE the corresponding sequence stretch of N. meningitidis serogroup B strain MC58 (GenBank accession no. NC003112) was used, whereas the corresponding sequence region of the N. meningitidis serogroup A strain Z2491 (GenBank accession no. NC003116) was used for the rest of the loci.
Amplicon Design. Standard MLST sequencing primers were tagged with a T7-RNA promoter sequence as well as a unique 10-nt sequence tag (refer to SI Table 4 for details) and used for PCR.
PCR, Base-Specific Cleavage, and MALDI-TOF MS. Samples were processed in parallel in 384 microtiter plates using a 96-channel automated pipettor (SEQUENOM). Loci of interest were amplified in 5-l PCRs as described in SI Materials and Methods. Post-PCR processing was performed according to the standard MassCLEAVE protocol (SEQUENOM). Target regions were cleaved in four reactions at positions corresponding to each of the four bases. After transfer onto 384 SpectroCHIPs (SEQUENOM) samples were analyzed on a MALDI linear time of flight mass spectrometer (Compact Analyser; SEQUENOM). Further information is provided in SI Materials and Methods.
Signature Sequence Identification Software. Data analysis was performed by using a proprietary software package (Signature Sequence Identification software, Prototype; SEQUENOM).
Cluster Analysis. Cluster analysis by unweighted pair matching was performed by using PHYLIP (20) .
